Model suspension with Aerosil 380 in epoxy resin Araldite GY260 and Aerosil 380 in silicone oil M20000 are compared. The systems with 7.5%, 10% and 12.5% Aerosil 380 in Araldite GY260 show shear thickening flow behavior. A shear induced hydrodynamic force effects at the onset of shear thickening a disorder of the well ordered movement of the Areosil particles in layers. The Areosil particles build-up a pseudo-mixture that lead to a sudden development of a three dimensional structure, i.e. to viscosity incerease. One can assume that the shear thickening can be explained with an order-to-disorder transition. The viscosity increase of the shear thickening region is limited -It can reach topmost the plastic viscosity curve that has to be expected from the beginning. The dilatant system begins in the third straight line section to coincide the viscosity curve of the expected plastic system for the subsequent thixotropic agent concentration.
INTRODUCTION
Reynolds describes for the first time the so-called volumetric dilatancy. According to him, the liquid phase in a concentrated suspension fills out uniformly the space between the solid particles [1] . At low shear rates, friction within the system is slight because the liquid phase behaves as lubricant. At high shear rates, the uniform distribution of the solid particles is destroyed. The distance between the particles increases and the liquid phase can no longer fill out the space inbetween. Consequently, the volume of the suspension increases -volumetric dilatancy.
According to Reiner dilatancy is much more complex than the explanation as deformation of volume expansion [2] . Bauer and Collins maintain that the appearance of dilatancy does not have to be necessarily preceded by an increase in volume [3] . On the other hand, according to and repulsive forces between the monodisperse particles [22] . They found also a transition from ordered state to clusters.
The shear thickening was investigated also by small-angle neutron-scattering measurements [19, 22 -25] . The results led to the conclusion that the shear thickening is not provoked by a shear induced transition from ordered to disordered flow. Hoffman assumed a model with particles that do not have to be ordered in the layers before the onset of shear thickening [26] . The particles have only to move in the layers. He extended his original opinion presuming that the shear thickening occurs due to cluster formation with interaction between the particle or without physical contact between the particles [8, 26] .
Dimensionless groups are used to compare the two mechanism of shear thickening. The particle size is a characteristic value in the dimensionless groups for the onset of shear thickening. The dependence of the shear rate at onset of shear thickening on the particle size yields a straight line, that leads to interesting conclusions.
According to the first theory the dimensionless group η γ · a 2 (η -viscosity, γ · -shear rate and a -particle radius) influences the onset of shear thickening [8] . The onset of shear thickening also can be correlate on a 2 for the order-disordered transition and consequently a straight line with a slope of n = 2 is to be expected for this theory. The Peclet number characterizes the clustering mechanism without ordered-disordered transition (k is the Boltzmann constant and T the temperature). This model requires correspondingly a straight line with a slope of n = 3 for the second theory. Frith et al. investigated model suspensions of sterically stabilized spherical particles of polymethylmethacrylate [27] . They found either a fit on a 2 or on a 3 depending on the fluid medium used. Hoffman found for suspensions of monodisperse and polydisperse particles, with a volume fraction of particles between 57% and 60%, a straight line with a slope of approximately n = 2 [26] . The considered data obviously supported the mech-
Metzner and Whitlock there are systems exhibiting volumetric dilatancy, but no rise in viscosity with shear rate (rheological dilatancy) [4] . Dilatancy or shear thickening flow behavior can be observed in polymer solutions, pigmentand dyestuff-dispersions and also in highly filled dispersed systems. A summary of examples for systems with shear thickening flow behavior can be found in the publications of Efremov [5] and Barnes [6] .
Most of the literature reviews describe the shear thickening behavior of model suspensions with nonaggregating solid particles. Barnes summarized excellently the parameters influencing the shear thickening transition like phase volume, particle size distribution and shape of the particle; the interaction between different particles and the viscosity of the fluid phase. The shear thickening begins at a phase volume of approx. 50% for these model suspensions. Hoffman found that a structural change occurs in the suspension at the onset of shear thickening [7] .
There are mainly two theories for the cause of shear thickening. The first theory assumed that order to disorder transition causes the shear thickening of monodisperse suspensions [4, [6] [7] [8] [9] . Two-dimensional layers of particles are shown at low shear rates. Hoffman assumed that a hydrodynamically induced force acts on the particles to pull out of the layer at some critical level of the shear rate, that break out the ordered layers and consequently leads to rice in viscosity [8] . Boersma et al. obtained similar results [10] . Shear induced transition is presumed to be the cause for the shear thickening of suspensions containing thixotropic agents [11, 12] .
The second theory declares as reason for the shear thickening the cluster formation. Brady and Bossis simulated the flow behavior of moderate density charge stabilized suspensions by Stokesian dynamics [13, 14] . Their model predicts that shear thickening occurs when particles come nearly into contact and form clusters. These clusters rice with increasing shear and the resulting lubrication forces cause the shear thickening. Similar results are obtained for hard sphere suspensions [15 -19] and in very dense, charge and sterically stabilized suspensions [14, 20, 21] . Boersma et al. used computer simulation to determine the cause of the shear thickening in suspension with significant attractive anism of ordered-disordered transition with layering.
The aim of this work is to try to explain the cause for the shear thickening behavior of model suspension with Aerosil 380 in the epoxy resin Araldite GY 260. For this reason, these suspensions will be compared with model suspensions with Aerosil 380 in the silicone oil M20000.
EXPERIMENT
The thixotropic agent Aerosil 380 (Degusa AG) is a fumed silica with surface area of 380 ± 30 m 2 /g. The specific gravity is 2.2 g/cm 3 . The primary particle size is approximately 7 nm.
The epoxy resin Araldite GY 260 (Ciba Specialty Chemicals) is diglycidylether of Bisphenol A. The investigated epoxy resin is a Newtonian fluid with a viscosity of 14 Pas at 25°C and a specific gravity of 1.17 g/cm 3 at 20°C. The silicone oil M20000 (Bayer AG) is a poly-dimethyl-siloxane with a weight average molecular weight of 68 kg/mol with specific gravity of 0.97 g/cm 3 at 25°C. This silicone oil shows structural-viscous flow behavior with zero-shear viscosity of 20 Pas (25°C) up to a shear rate of 70 1/s [28] . Model suspensions with Aerosil 380 in the epoxy resin Araldite GY 260 and Aerosil 380 in the silicone oil M20000 were prepared in a 1.5 l reactor with anchor stirrer (100 rpm) at 40°C in vacuum. These model suspensions have the same thixotropic agent Aerosil 380, but different fluid phases. The rheological measurements were carried out with a Weissenberg Rheogoniometer, WRG, Model R18, with cone-plate (diameter 5 cm and cone angle 6°) at 25° ± 0.2°C. The Weissenberg Rheogoniometer was modified according to Meissner (29) for measurement of the normal stress.
The shear stress, τ, and the first normal stress difference, N 1 , were measured simultaneously with the cone-plate arrangement during stressing experiments (γ · = const.). Stressing experiments with different shear rates were car-ried out. The points of the viscosity curves and normal stress curves represent the steady state values from the stressing experiments.
When the equilibrium value for shear stress and first normal stress difference had been reached, the stationary shear flow was switched off (γ · = 0) and the relaxation of shear stress starts. The torsion bar of the Weissenberg rheogoniometer tries to recover its elastic deformation. An eventually existing structure of the suspension will oppose to this process and it remains a residual shear stress, τ R , and residual first normal stress difference, N 1R . The residual shear stress and the residual first normal stress difference can be accepted to be measure for the eventually existing structure of the suspension after the stressing experiment [30] . The absence of residual shear stress is certain indication for a disturb structure of the suspension. Figure 1 shows the viscosity curves of model suspensions with 3%, 4%, 5%, 7.5%, 10% and 12.5% Aerosil 380 in the epoxy resin Araldite GY 260. The addition of 3% Aerosil 380 changes the Newtonian character of fluid phase; the suspension has structural viscous flow behavior with a zero-shear viscosity of 30 Pas. The systems with 4% and 5% have also structural viscous flow behavior with zero-shear viscosity of 38 Pas and 55 Pas, respectively. The viscosity curves of the systems with 3%, 4% and 5% Aerosil 380 are parallel shifted to the higher values. One can assume that Aerosil 380 acts as a filler and not as a thixotropic agent. The further increase of the Aerosil 380 concentration to 7.5%, 10% and 12.5% leads to suspensions with three flow regions. The first straight line section exhibits shear thinning flow behavior, where viscosity decreases with shear rate.
RESULTS

VISCOSITY CURVES
The second straight line section shows shear thickening flow behavior in a narrow shear rate 
TIME RELATED FLOW BEHAVIOR
The attention will be turned not to the stress growth curves, but to the stress relaxation and respectively to the residual shear stress. The residual shear stress will be observed as a size for the existing structure of the suspension after the stressing experiment (30) . The next three figures represent the stressing experiments with shear rates from the first (see Fig.3 ), second (see Fig.4 ) and third (see Fig.5 ) straight line sections of the system with 10% Aerosil 380 in Araldite GY 260. There is no residual shear stress at the stress relaxation after stressing experiment with shear rate from the first straight line section (see Fig.3 ).
The stress relaxation after the stressing experiment with 0.3 1/s, i.e. from the dilatance region, no significant residual shear stress and residual first normal stress difference are observed (see Fig.4 ). There is obviously no structure after the stressing experiment, that can oppose to the elastic recovery of the torsional bar. Referring to these facts, we can conclude that the viscosity increase in the shear thickening region does not result from the formation of a better built three-dimensional structure. The structure in the shear thickening region is obviously shearinduced. The shear-induced structure is reversible and does not exist after cessation of the steady shear flow. After the stressing experiment with 0.96 1/s (from the third straight line section), it appears no residual shear stress and no residual first normal stress difference (see Fig.5 ).
region: from 0.13 to 1.9 1/s for the system with 7.5% and from 0.09 to 0.38 1/s for the system with 10% and from 0.085 to 0.3 1/s for the suspension with 12.5% Aerosil 380. The critical shear stress at onset of shear thickening are 12 Pa, 13 Pa and 15 Pa, respectively. The shear rate at onset of shear thickening decreases with increasing Aerosil 380 concentration from 0.13 1/s to 0.09 1/s to 0.085 1/s, respectively. The shear thickening effect or the slope of the shear thickening region rises with increasing Aerosil concentration. The third straight line section appears at new with shear thinning behavior: from 1.9, 0.38 and 0.3 1/s, respectively.
The model suspensions with 7.5%, 10% and 12.5% Aerosil 380 possess also shear thickening flow behavior only in a narrow shear rate region (see Fig.1 ).
Model suspensions with 1%, 2%, 3%, 4% and 7.5% Aerosil 380 in the silicone oil M20000 were prepared and rheologically investigated (see Fig.2 ).
The systems with 1% and 2% Aerosil 380 in silicone oil M20000 have similar to the liquid phase structural viscous flow behavior with zeroshear viscosity of 25 Pas and 50 Pas, respectively. These low concentrations of Aerosil 380 do not allow the building of a three dimensional structure and the thixotropic agent behaves like a filler. The addition of 3%, 4% and 7.5% Aerosil 380 leads to a well developed thixotropic agent structure and correspondingly to systems with plastic flow behavior.
Dilatant behavior are observed at higher concentrations of Aerosil 380 (7.5%, 10% and 12.5%) in Araldite GY 260. This is not the case if the liquid phase is the silicone oil M20000. It is obviously that the epoxy resin Araldite GY 260 promotes and the fluid phase M20000 prevents the dilatant behavior of the systems with Aerosil 380. The fluid phase is evidently decisive in the development of the dilatance. Figure 6 shows the dependence of the relative residual shear stress, τ R /τ S (the ratio of the residual shear stress, τ R , to the steady state shear stress, τ S ) on the shear stress of the suspensions with plstic flow behavior with Aerosil 380 in the silicone oil M20000.
The plastic suspensions with Aerosil 380 in M20000 have realy high residual shear stress and correspondingly relative residual shear stress. The high values for the relative residual shear stress is an indication of the presence of structure, which remains after cessation of the shear deformation. The relative residual shear stress decreases after stressing experiments at higher shear rates.
There are also big differences between the time related flow behavior of the suspensions with Aerosil 380 in Araldite GY 260 and the systems with Aerosil 380 in the silicone oil M20000. The suspensions with Aerosil 380 in Araldite GY 260 do not have residual shear stress even after a stressing experiment with a shear rate from the dilatant region. There is no structure after the stressing experiment. Realy high relative residual shear stress are established for the plastic suspensions with Aerosil 380 in M20000. These systems with plastic flow behavior have, as expexted, a very strong thixotropic agent structure. Figure 7 represents the dependence of the first notmal stress difference on shear stress of the suspensions with Aerosil 380 in the silicone oil M20000.
FIRST NORMAL STRESS DIFFERENCE
It is known that the normal stress curves of systems with thixotropic agents have three regions [31] . In the first region with a slope of n = 1, the structure is still in good order. The destruction of the thixotropic agent structure takes place in the second transition region. The destruction is already completed at the beginning of the third region with a slope of n = 2. The plastic systems with 3%, 4% and 7.5% Aerosil 380 in M20000 show by way of suggestion the first region. This refers to a not so strong thixotropic agent structure. The most points are in the second and third region. The third region of the suspensions come together with the first normal stress difference of the liquid phase M20000 [28] . The dilatant systems with Aerosil 380 in Araldite GY 260 show only one straight line section with a slope of n = 2, i.e. the third region (see Fig.8 ).
The thixotropic agent structure is in this region already destroyd. The exopy resin Araldite GY 260 has as Newtonian system no normal stress. The normal stress straight lines with the slope of n = 2 depict the destroyed structure of the dilatant suspensions with Aerosil 380 in Araldite GY 260. The first normal stress difference of these straight lines (see Fig.8 ) is surprisingly high compared to the values for the silicone oil M20000 [28] .
COMPARISON OF THE VISCOSITY CURVES
The next picture shows the viscosity curves of the three systems with dilatant region and the plastic suspension with 7.5% Aerosil 380 in M20000 (see Fig.9 ).
The systems with Aerosil 380 in Araldite GY 260 show in the first straight line section unexpected low viscosity. The thixotropic agent Aerosil 380 can not develop in this region the expected three dimensional structure, i.e. the expected plastic flow behavior. Aerosil 380 acts only as a filler that leads to the low viscosity. The thixotropic agent particles are well ordered in layers in the flow direction and this interferes the development of a three dimensional structure. At a very special shear stress (12, 13 and 15 Pa for the suspension with 7.5%, 10% and 12.5% Aerosil 380 in Araldite GY 260) a shear induced hydrodynamical force effects a disorder of the well ordered movement of the particles in the layers. The Aerosil particles come to a kind of pseudo mixture, that leads to a suddenly development of the expected three dimensional structure, i.e. to viscosity increase. We can also assume that the shear thickening of the measured systems can be explained with an order to disorder transition.
This shear induced viscosity increase will happen stronger with rising Aerosil 380 concentration (see Fig.1 ). The viscosity increase of the shear thickening region (see viscosity curve of 10% Aerosil 380 in Araldite GY 260) is limited -it can reach topmost the plastic viscosity curve that has to be expected from the beginning (compare for example with the viscosity curve of 7.5% Aerosil 380 in M20000). Once reached the potential possibly three dimensional structure, the dilatant system begins in the third region to coincide the viscosity curve of the expected plastic system for the subsequent thixotropic agent concentration. The dilatant viscosity increase of the suspension with 7.5% (4.31 Vol%) Aerosil 380 in Araldite GY 260 can not reach the viscosty curve of the directly comparable plastic system with 7.5% (3.57 Vol%) Aerosil 380 in M20000 (see Fig.9 ). The comparison of both suspensions is limited because they have different liquid phases.
The third straight line section of the suspension with 12.5% Aerosil 380 in Araldite GY 260 has higher values compared to the plastic system with 7.5% Aerosil 380 in M20000. The susension with 12.5% Aerosil 380 in Araldite GY 260 is due to the high thixotropic agent concentration able to develop a shear induced structure, that corresponds to a plastic system with more than 7.5% Aerosil 380 in M20000.
SUMMARY
The dilatant systems with Aerosil 380 in Araldite GY 260 have in the first straight line region an unexpected low viscosity. Aerosil 380 acts in this region as a filler. The Aerosil particles are obviously in well ordered layers in the flow direction that makes difficult the development of a three dimensional structure. At a very special shear stress (between 12 and 15 Pa for the suspension with 7.5%, 10% and 12.5% Aerosil 380 in Araldite GY 260) a shear induced hydrodynamical force effects a disorder of the well ordered movement of the Aerosil particles in the layers. The Aerosil particles come to a kind of pseudo-mixture, that leads to a suddenly development of the expected three dimensional structure, i.e. to viscosity increase. We can also assume, that the shear thickening of the measured suspensions can be explained with an order to disorder transition.
The viscosity increase of the shear thickening region is limited: it can reach topmost the plastic viscosity curve that has to be expected from the beginning. Once reached the potential possibly three dimensional structure, the dilatant system begins in the third straight line section to coincide the viscosity curve of the expected plastic system for the subsequent thixotropic agent concentration. 
